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Renewable energyGlobalwater planners are increasingly considering seawater desalination as an alternative to traditional freshwa-
ter supplies. Since desalination is both expensive and energy intensive, taking advantage of favorable natural and
societal conditionswhile siting desalination facilities can provide signiﬁcant ﬁnancial and environmental returns.
Currently, policy makers do not use a location-speciﬁc integrated analytical framework to determine where nat-
ural and societal conditions are conducive to desalination. This analysis seeks to ﬁll that gap by demonstrating a
multi-criteria, geographically-resolved methodology for identifying suitable regions for desalination infrastruc-
turewhere 1) available renewable resources can offset part of the fossil energy load; 2) feedwater characteristics
reduce the total energy needed for desalination; and 3) human populations have capacity andwillingness to pay
for desalinated water. This work demonstrates the method with a quantitative global analysis that identiﬁes fa-
vorable sites for solar-aided seawater reverse osmosis desalination (SWRO) based on speciﬁc target criteria.
Location-based data about natural conditions (solar insolation, ocean salinity, and ocean temperature) are inte-
grated and mapped with social indicators (water stress, prevailing water prices, and population) to identify re-
gions where solar-aided SWRO has the highest potential. This work concludes that water-stressed tropical and
subtropical cities show the highest potential for economically sustainable solar-aided SWRO.
© 2014 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. IntroductionWater stress in some form confronts nearly 80% of the human
population, and about 65% of continental discharge feeds habitats that
facemoderate to high biodiversity threats [1]. Even regions traditionally
considered water-rich have difﬁculty providing sufﬁcient water for
direct human use, agriculture, industry, the environment, and other
users [2]. Pollution and rising costs associated with treating and distrib-Program in Environment and
uilding Suite 226, Stanford, CA
ineering, University of Illinois at
01, USA.
. Open access under CC BY-NC-ND liceuting new sources of water are among the largest issues facing water
planners [3]. Such challenges are often entwined in positive feedback
loops that exacerbate the declining availability of high-quality water.
For example, municipal and industrial wastewater discharges steadily
load waterways and aquifers with pollutants, and rising population
and economic growth raise the rate of these discharges. In addition,
climate change has the potential to disrupt patterns of water availability
[4,5] that havemotivated human decisionswith long-term implications,
such as city locations, urban structure, reservoir placement, and water
system design. Despite already stressed water supplies, a large portion
of the global population does not yet have access to affordable, safe, suf-
ﬁcient water [6], and providing water while protecting other species
and the environment could be even more challenging in the future.
Consequently, policy makers are considering alternative water sup-
plies thatmeet demandwhile proving resilient against these challenges.nse. 
11E.A. Grubert et al. / Desalination 339 (2014) 10–17Desalination is one potential solution to the problem of supplying
humans with clean drinking water. Access to desalination can reduce
dependence on precipitation cycles and enable the use of traditionally
unusable water, but it dramatically increases costs and the water
supply's reliance on energy (see e.g. [7,8]). Desalination is generally cap-
ital intensive with signiﬁcant maintenance needs, and its high energy
requirements do not end at the plant site. Coastal desalination facilities
virtually require that the water supply be sited at low elevation, which
means that costs and energy use for water distribution will be higher
for areas thatwould otherwise use higher elevation sources (note, how-
ever, that the opposite could be true if deep groundwater is the
alternative).
Humans have long practiced some form of desalination [9], typically
by evaporation or intensive ﬁltration. Despite technological advances,
these two techniques remain dominant in the form of thermal desalina-
tion and electrically-driven membrane desalination, which is primarily
done by reverse osmosis (RO) [9]. Descriptions of the major technolo-
gies and their status, including overviews of global desalination capaci-
ty, including information about location, source water, fuel, and plant
size, are outside the scope of this work but can be found in the literature
(e.g. [7,9,10]). Also outside the scope of thiswork are the environmental
challenges associated with disposing the salts removed from product
water. While desalinated water can displace fresh water that would
otherwise be taken from environmentally sensitive sources, thereby
reducing ecological stressors [1], it can also create new ecological stress
in ocean habitats, particularly when saline brines are discharged to
ocean waters (see e.g. [10] for further discussion).
Desalination is more energy intensive than most other sources of
fresh water (Table 1; [11,12]), which in turn means that desalinated
water is often more expensive and environmentally impactful than
other forms of water supply — particularly because most existing and
planned desalination facilities rely on fossil fuels.Waste streams associ-
ated with energy, such as water-borne contamination from fuel extrac-
tion and air-borne emissions from fuel combustion (e.g. carbon dioxide,
acid deposition, and particulates), could actually worsen water prob-
lems in some areas (see e.g. [13,14]). While abundant energy can be
used to create abundant water supplies, the type of energy used can
have side effects worthy of additional consideration. Such side effects,
including pollution, cost, and fuel security have inspired the construc-
tion of a number of desalination facilities powered with renewable
sources, descriptions of which can be found in the literature (e.g.
[15,16]). Thus, it is worthwhile to consider ways to both reduce the fos-
sil intensity of desalination, for example by augmentingwith renewable
energy, and to reduce the total energy intensity of desalination, for
example by seeking lower salinity feedwater sources.
Desalination is unlikely to become a major source of freshwater
without major reductions in cost and energy intensity. However, site-
speciﬁc conditions like extreme water stress, high water costs, and nat-
ural characteristics that are favorable for desalination can contribute toTable 1
Energy embedded in water production varies from relatively low (for surface freshwater)
to very high (for seawater desalination).
Water source Energy intensity
(kWh/m3)
Surface water (typical) 0.06a
Pumped groundwater (CA) 0.14–0.60 (reported)b
Direct potable reuse of reclaimed water b1.1a
Colorado River Aqueduct (CA) 1.6b
California State Water Project (CA) 2.4b
Seawater desalination (CA) 3.6–4.5 (estimated)b
Note that the energy intensity of reclaimed water varies greatly by intended use: direct
potable reuse (listed in table) has the highest embedded energy, while reclaimed water
for non-potable use can have as little as 0 additional embedded energy.
a Source: [10].
b Source: [9].desalination's viability. For example, high water temperatures and low
water salinity can reduce the energy intensity of membrane desalina-
tion. The wide range of priorities that decision-makers around the
world have for water supply presents an opportunity to quantitatively
evaluatewhere desalinationmight ﬁt local and regional needs, whether
by providingwaterwith highly controllable quantity and quality, reliev-
ing stress on freshwater resources, creating jobs and industrial develop-
ment, or some other means. Desalination is not a universal solution to
water supply problems, as it does not address issues like inadequate dis-
tribution systems, poor sanitation, orweak governance systems, but this
work postulates that sites exist where desalination can increase the
availability of high quality water in an economically, socially, and envi-
ronmentally sustainable manner.
Despite the high cost and importance of desalination infrastructure,
to the authors' knowledge no integrated analytical framework has been
deployed that incorporates location-speciﬁc information to identify
sites with favorable energy availability, feedwater characteristics, and
societal needs and capacities that are compatible with sustainability
goals. Previous treatments have considered elements like water de-
mand, alternative supply, political preferences, and costs [17], and a sys-
tematic, global investigation of where natural conditions like feedwater
characteristics might enhance feasibility for desalination adds to the lit-
erature. Since water treatment facilities are long-lived and difﬁcult to
modify, their construction can create a capital lock-in effect that con-
strains future changes to the original assumptions (such as the cost of
energy, impacts of brine disposal, etc.). Thus, there is value in using a
framework that enables better decision-making for site selection before-
hand. In that spirit, the geographic information systems multicriteria
decision analysis (GIS-MCDA) method presented here seeks to inform
desalination facility site selection based on local natural conditions and
human factors.
Recognizing that those considering desalination have diverse goals
and work at a variety of scales, this work uses a highly scalable, quanti-
tative, location-based method of synthesizing relevant data to aid
decision-making. GIS-MCDA has been successfully applied in multiple
environmental contexts [18], including landﬁll and power plant site
selection (e.g. [19–21]). However, to the authors' knowledge, little
GIS-MCDA work has been used to identify high potential sites for desa-
lination rather than identifying optimal placement or selecting from
among alternatives in a given setting (a detailed treatment of the latter
is given in [17]). In a notable exception investigating where wind
powered desalination facilities could be viable [22], the focus is on iden-
tifying areas where wind power potential is high and where indicators
suggest a demand for desalinated water. This work seeks to extend
the value of GIS-MCDA techniques for desalination facility site selection
by also considering how natural conditions can actually reduce the en-
ergy intensity of desalination. Thus, where previous work has investi-
gated where abundant renewable energy coincides with water
demand, this framework additionally considers where feedwater char-
acteristics make desalination inherently less energy intensive.
GIS-MCDA enables use of a range of factors, such as different fuel
sources, natural conditions suited to different desalination technologies,
and local economic priorities. To quantitatively demonstrate its value,
this work presents a global example focusing on the energy intensity
and high cost of desalinated water to identify regions where natural
and societal conditionsmight improve the sustainability and economics
of solar-aided seawater reverse osmosis (SWRO). In particular, regions
where abundant solar energy, high ocean temperatures, and low
ocean salinities coincide with urban centers, high water stress, and
high water prices could be strong candidates for desalination.
While futurework can repeat the analysis for other energy resources
such as wind, geothermal, and waste heat, this initial trial restricts its
consideration to on-site solar photovoltaic energy with grid backup.
The major reasons for focusing on solar include global data availability
and the relative uniformity of solar insolation in given areas. Off-site re-
newables (including off-site solar) are not considered because of the
12 E.A. Grubert et al. / Desalination 339 (2014) 10–17high potential that other users would be competing for the electricity or
for generation sites and transmission capacity, reducing the advantage
of siting a plant in a particular location. Brackish groundwater
desalination is not considered largely due to a lack of suitable quality
groundwater data on a global basis, though this method is highly
suitable for such analysis in locations where brackish groundwater
data are available.
Focusing the initial work on desalination's energy intensity is appro-
priate because energy requirements drive the operational costs of desa-
linated water [7], and high costs are among desalination's largest
implementation hurdles. High energy needs also make desalinated
watermore vulnerable to high and volatile energy prices than a conven-
tional, less energy intensive water supply. Additionally, many regions
considering desalination are affected by the environmental impacts of
energy consumption. Conditions like water scarcity, water supply vola-
tility, and poor water quality that motivate the use of desalination are
often exacerbated by energy-related air, land, and water pollution, in-
cluding pollution leading to climate change. While individual regions
might have speciﬁc concerns about local habitats or land use,
desalination's energy intensity is broadly relevant at a global scale.
One constructive way to address concerns about fuel price risks and
energy-related environmental impacts is to identify locations where fa-
vorable feedwater characteristics reduce overall energy consumption
per unit of distillate and where renewable energy sources can be used
to supply at least part of the remainder.
2. Approach and parameterization
This analysis focuses on solar-aided SWROusing on-site solar photo-
voltaic (PV) systems with a grid connection and thus examines global
insolation, seawater temperature, and seawater salinity as relevant nat-
ural conditions. High solar insolation is desirable for power generation,
and high feedwater temperatures and low salinity are associated with
lower process energy consumption for SWRO [9]. Technical require-
ments for natural conditions vary by desalination technology and ener-
gy sourcing assumptions, so these parameters would likely be different
for other applications. In addition to these natural conditions that could
improve desalination's environmental and cost sustainability, water
prices, water stress, and population density are used as indicators of
economic viability.
The geographic information systems (GIS) approach used for this
analysis ﬁlters global location-based data on multiple relevant decision
criteria to rapidly identify macro regional trends that could contribute
to economic and environmental sustainability of desalination. Advan-
tages include the abilities to quickly add and remove information layers
and easily change analytical thresholds depending on a user's need. As
themethod is easily scalable, users can startwith high-level information
(e.g. water temperature) and add constraints at increasing levels of de-
tail in target areas. For example, a region identiﬁed as being broadly
suitable can be further investigated by adding constraints, such as af-
fordable land, distance from hazards, etc. [21]. Thus, a high-level set of
constraints can be used to broadly down-select to promising regions,Table 2
Parameters, threshold values, and data sources used to assess sites where seawater desalinatio
Scoping requirements Geophysical condition
Energy source Water source Insolation (GHI) Wat
Data source – – [33] [27]
Reverse osmosis desalination Solar PV + other grid Seawater N5 kWh/m2/day N25
Sources: Thresholds for natural conditions are based on solar-powered desalination energy nee
SST is about 16.1 °C [28], with a global range of −2 to 30 °C [27]. The water stress index t
characterization of the 75th percentile as “very high [water] threat” [1]. The price threshold o
[31] and the fact that water prices generally include distribution costs, overhead, and proﬁt.
(marginal) water supply [29]. Cost estimates for solar desalination can be found in e.g. [8,15,32after which the criteria can be made more strict and more granular
data used for ﬁne-tuning the analysis. This scalability enables
users to generate data-driven hypotheses that can be further
tested.
2.1. Choosing parameters and setting threshold values: natural conditions
Colocating desalination facilities with favorable natural conditions
can reduce the external energy input required to desalinate seawater,
thus lowering costs and energy-related environmental impacts (the
corollary is also true, in that locating desalination facilities where condi-
tions are unfavorable will increase costs and impacts). This assessment
of solar-aided SWRO focuses on conditions that allow for greater use of
local solar resources or reduce the total external energy input needs for
desalination.
The ﬁrst natural parameter considered is solar energy availability,
which can help reduce the fossil energy intensity of desalination. High
insolation, deﬁned here as an average global horizontal irradiance
(GHI) greater than six kilowatt-hours per square meter per day
(kWh/m2/day), is considered favorable for solar PV-aided desalination
(see e.g. [23,24] for descriptions of solar-powered desalination
plant energy needs). Slightly lower GHI (5–6 kWh/m2/day) is con-
sidered acceptable (see Fig. 2 for a global map of GHI).
Next, this work addresses feedwater characteristics that can reduce
the overall energy intensity of SWRO. In particular, high sea surface
temperatures (SST) and low ocean salinity are considered favorable
for SWRO, with parameters summarized in Table 2.
SWRO removes salts and other contaminants from seawater via
membrane separation. While RO is less effective at removing materials
from water than some other desalination processes, like distillation, it
is also far less energy intensive. A typical SWRO facility consumes 3 to
6 kWh(electric)/m3 of distillate, compared to combined thermal and
pumping energy requirements of 15 to 58 kWh(electric)/m3 for ther-
mal facilities [25].
Higher temperatures are correlated with higher ﬂux, or rate of per-
meate passage through the membrane, for SWRO facilities [26], which
means that energy intensity per unit of product water is lower when
feedwater temperatures are higher, up to about 30 °C [9]. A rule of
thumb is that for each increase of 1 °C, ﬂux increases by about 3% [24].
Thus, regions with naturally high water temperatures (average annual
SST greater than 25 °C) are considered favorable for SWRO facilities.
SST ranges from about−2 °C to 30 °C globally [27], with a global aver-
age of 16.1 °C [28].
In addition to higher temperatures, low salinity feedwater corre-
sponds to lower energy intensity for SWRO. This correlation is because
lower salinity corresponds to a lower osmotic pressure difference be-
tween the feed and product water, so less energy is needed to force
the water against the osmotic pressure differential. Thus, regions with
low ocean salinity (where low is deﬁned as below average) are identi-
ﬁed as naturally favorable for RO desalination. Ocean salinity ranges
from about 5 to 40 practical salinity units, with typical values around
35 [29]. Below-average ocean salinity tends to be found in areas withn could be environmentally and economically favorable are listed below.
s Societal conditions
er temperature Water salinity Water stress index Water price City population
[27] [1] [29] [30]
°C b50th percentile N85th percentile ≥US$1.50/m3 ≥1 million
ds (see e.g. [23,31]) and reasonable judgment of high values. For example, global average
hreshold of 85th percentile is a conservatively high extension of the original source's
f US2010 $1.50/m3 reﬂects conventional desalination costs of US2010 $0.20 to $2.15/m3
Note that water prices reﬂect a 12 m3/day connection, not the cost of the next available
]. The analysis could easily be repeated with other thresholds and parameters.
13E.A. Grubert et al. / Desalination 339 (2014) 10–17high rainfall or meltwater input and low evaporation. Since high insola-
tion often drives high evaporation rates, and since consistently high inso-
lation is generally not colocated with high rainfall and large amounts of
ice, low salinity coincides with high insolation in relatively few regions.
2.2. Choosing parameters and setting threshold values: societal conditions
After geophysical conditions (insolation, water temperature, and
water salinity) are considered, existing societal conditions are incorpo-
rated into the analysis, as desalination makes sense only where there is
demand for desalinated water. This analysis evaluates three societal in-
dicators as proxies for demand for desalinated water: water stress (as
measured by Vörösmarty et al. [1]), indicating absolute water demand;
water prices in major cities around the world (as recorded by Global
Water Intelligence [29]), indicating economic demand; and concentrat-
ed populations, indicating potentially advantageous opportunities for
economies of scale [30]. Note that water price data are static represen-
tations of water prices for a connection consuming 12 m3/day [23].
The prices used in this analysis reﬂect only current prices, not the cost
of the next (marginal) water supply available, which is typically higher.
Coastal and near-coastal cities with water prices documented by
Global Water Intelligence [29] are considered, with city populations
over one million and water prices over US2010 $1.50 per cubic
meter (m3) considered most societally favorable for solar-aided SWRO
(Table 2). The methodology could be repeated for other price points
and population sizes, but these thresholds are chosen so as to highlight
large cities that are more likely to secure the ﬁnancing needed for large
water treatment infrastructurewith highwater prices that could poten-
tially support conventional desalination. Desalinated water is likely to
have production costs lower than $1.50/m3, but water prices generally
include distribution costs, overhead, and proﬁt. Conventional desalina-
tion generally produces fresh water at a cost of US2010 $0.20 to
$2.15/m3 [31]. While desalination powered by renewable energy typi-
cally costs more than conventional desalination with today's techno-
logy, advances in system performance change the cost outlook for
future generations of treatment equipment. For example, it has been
predicted that concentrating solar power (CSP) desalination plants
could produce water with costs below US2010 $0.60/m3 by around
2030 [32]. Other cost estimates for solar or solar-aided desalination
can be found in sources such as [15] and [8]; studies indicate that prices
are expected to drop with time and/or increased scale.
3. Methods
The GIS-MCDA method used here to quantitatively identify favor-
able locations for solar-aided seawater desalination proceeds by 1)
choosing variables by establishing key resource constraints and socio-
political performance requirements, 2) deﬁning relevant threshold
values to drive the analysis, 3) identifying appropriate geographically-
resolved data sets, 4) integrating those data sets in a consistent and pre-
cise way, 5) conducting spatial analysis using GIS software tools, and 6)
making and disseminating recommendations (Fig. 1). The ultimate out-
put is amap or set ofmaps indicating appropriate sites given the chosen
parameters. Applying this approach to the question of where solar-
aided seawater desalinationmight be economically sustainable requires
parameterizingnatural and societal conditionsusing judgment to estab-
lish reasonable limits, then integrating these data to identify promising
regions or sites.
This application focuses on identifying global regions where on-site
PV-aided SWRO could be especially viable, and variables were chosen
according to three objectives: 1) ensure sufﬁcient insolation, 2) locate
near feedwater with characteristics that reduce the energy intensity of
SWRO, and 3) locate near potential markets for desalinated water. Spe-
ciﬁc criteria for each of these objectives and the thresholds used in this
analysis and described in Sections 2.1 and 2.2 above are illustrated in
Table 2 and described in Section 2.Data sets for each criterion are selected for integration based on re-
quirements for global coverage, sufﬁcient geographic resolution, and
publication date. These data sets include geographically-resolved layers
for solar insolation [33], ocean temperature and salinity [27], prevailing
water prices [29], water stress [1], and population centers [30]. Data in-
tegration is performed by reconciling projections and geographical res-
olution for software processing. Threshold values are determined based
on reasonable judgment and prevailing expectations for performance
and are listed in Table 2. Finally, these data and constraints are integrat-
ed using ArcGIS 10's Spatial Analyst Toolbox to produce world maps of
high-potential sites using a Boolean overlay of parameters of interest,
described in detail in Section 3.1 below. The primary GIS functions
used are the Raster Calculator and the Less Than and Greater Than tools.
3.1. Integrating raster data to produce map outputs
Multi-criteria decision analysis (MCDA) requires reconciling multi-
ple and sometimes incompatible goals to come to a ﬁnal decision that
most closely meets a given situation's needs. Objectives can be as
straightforward as “minimize energy use” or as complex as “ensure so-
cial acceptability,” and so MCDA uses quantitative, measurable attri-
butes, or criteria, to indicate that an objective is met. The decision
portion of MCDA requires aggregating criteria across objectives to iden-
tify the most favorable conditions, and that aggregation can be per-
formed with different operators depending on situational need. For
example, conditions might be considered favorable only if all objectives
are met (an “and” operator), if any of the objectives is met (an “or” op-
erator), or if some objectives are met (an “or/and”weighted operator),
often implemented as ordered-weight averaging as proposed by Yager
[34,35]. A detailed mathematical description of these aggregation tech-
niques can be found in [35].
This analysis aggregates criteria using an “and” operator across the
three objectives described above,more speciﬁcally stated as: 1) solar in-
solation is sufﬁcient for use of PV for part of the SWRO electrical load, 2)
feedwater characteristics lower the absolute energy requirements for
SWRO versus typical installations, and 3) social attributes indicate that
there is a market for desalinated water. Stated another way, regions
are ﬂagged as “excellent” locations for on-site PV-augmented SWRO if
they fulﬁll all three objectives by meeting at least one criterion within
each objective.
Speciﬁcally, this GIS integration uses a Boolean overlay to assess
where solar-aided SWROmight bemost favorable according to selected
objectives. That is, for each criterion outlined in Table 2, theGIS software
classiﬁes a location as “meets criteria” or “does notmeet criteria.” Those
regions identiﬁed as “excellent,” are the result of progressive Boolean
ﬁlters, ﬁrst ﬁltering to regions that meet or exceed solar insolation
criteria, then ﬁltering further to regions that meet or exceed energy in-
tensity reduction criteria, then ﬁltering ﬁnally to regions that meet or
exceed social criteria. The resulting map is presented as Fig. 2, with
some intermediate ﬁlters (e.g. “solar insolation criteria only” or “social
criteria only”) included for illustration. Those regions that fulﬁll criteria
under some objectives can be considered as possible candidates, and
those that did notmeet threshold criteria for any objectives are not con-
sidered particularly advantageous.
3.2. Operationalizing the technique for desalination facility siting
An expected beneﬁt of the method is its ﬂexibility: decision-makers
can choose different criteria and threshold values to reﬂect their needs.
For example, locations could be selected based on land prices and access
to waste heat rather than insolation and water temperature. Societal
priorities likewater quality, supply security, or environmental preserva-
tion can also beweightedmore or less heavily during raster calculations
(Eq. (1)), enabling policy makers to incorporate a community's willing-
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Fig. 1. The method demonstrated here uses GIS and multicriteria decision analysis tools to identify sites for desalination facilities that enable more sustainable desalination.
14 E.A. Grubert et al. / Desalination 339 (2014) 10–17An application requiring higher resolution or incorporating, for ex-
ample, weightings based on speciﬁc social priorities could deﬁne a
more complex weighting function along the lines of
score ¼ α  Aþ β Bþ…þω Z; ð1Þ
where α, β,…, ω are weighting factors for scaled parameters A, B,… , Z
(see e.g. [19,20] for a more detailed discussion). Though weightings
contribute explicitly to how parameters are prioritized, it is noteworthy
that the choice of scaling technique also affects prioritization because of
the implicit value judgments required in comparing parameters with
different metrics. For example, normalizing a parameter to its average
or someother value (e.g. itsmaximumvalue)might capture relevant in-
formation differently for a linearly varying criterion and a criterion for
which a speciﬁc threshold level is important for decision-makers.
Themethod can be applied at any scale for which there are sufﬁcient
data, including cities, countries, and larger regions depending on desire.
An additional advantage is the use of maps as outputs, as these visuali-
zations are intuitive and require little orientation. Since the map is dig-
itized, raster calculation results can also be displayed alongside other
layers of interest, such as residential zones, infrastructure, and alterna-
tive water supplies. While this method has the aforementioned attri-
butes, it also has a few downsides. For example, as with any method,
data quality and consistency are necessary to ensure useful, reproducible,and cross-comparable outputs. Furthermore, the thresholds for analysis
remain subjective in some cases.4. Findings
For this global evaluation, resultswere interpreted at a regional level
based on a global map generated using the GIS integration described
above (Fig. 2).
Global regions identiﬁed as naturally favorable for solar-aided SWRO
facilities coincide with consistent inﬂuxes of freshwater to the ocean.
High quality solar resources and warm water (GHI N 6 kWh/m2/day
and SST N 25 °C) are well distributed through the tropics (Fig. 2), but
below-average ocean salinity is less common. The coincidence of high in-
solation, warmwater, and below-average ocean salinity is found primar-
ily at themouths of major rivers (e.g. the Amazon and the Congo) and in
the monsoon-fed Bay of Bengal and Gulf of Thailand (Fig. 2). This region
notably includes major cities with high water stress indices (above the
85th percentile) like Bangkok, Thailand; Dhaka, Bangladesh; and Calcut-
ta, India, indicating a possible demand for desalinated water to augment
or replace existing sources and putting these cities into the category of
“excellent” for the on-site PV-aided SWRO considered here [1].
Many regions with natural conditions somewhat favorable for
SWRO (e.g. GHI N 5 kWh/m2/day and SST N 25 °C) are more favorable
Legend: GHI >5
GHI >6
GHI >5 and SST >25°C
GHI >6 and SST >25°C
GHI >5, SST >25°C,  
and ocean salinity <50th percentile
(Gradient: red denotes lowest water price, green 
denotes highest water price) 
City population >1 million 
City population 500,000 – 1 million
City with water prices >2010US $1.50/m3
Water stress index > 85th percentile 
Excellent
Fig. 2. This ﬁgure shows global solar insolation, sea surface temperatures, and ocean salinity in addition to major coastal cities and locations with high prevailing water prices to identify
regions that show unusual promise for on-site solar photovoltaic-augmented seawater reverse osmosis desalination. Sites that meet criteria for insolation, feedwater promoting low en-
ergy intensity, and economic conditions promoting affordability are denoted “excellent” sites. Coastal sitesmeeting some conditions are considered possible candidates, while sitesmeet-
ing none are not considered particularly suitable.
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Brazil, and the Caribbean have high population density andwater stress,
indicating that additional water sources will likely soon be needed. In
addition to high water stress, Australia, the Middle East, and Southern
California also have currently high water prices, indicating that the
relatively high costs of desalinated water could be tolerated.
Some regions with favorable societal conditions (high water stress
and high water prices) do not display characteristics favoring solar
desalination, notably China, Japan, non-Mediterranean Europe, the
northeastern United States, and northeastern Argentina (Buenos
Aires) (Fig. 2). In fact, some of the cities with the highest water prices
are in regions where solar-aided desalination is not categorically favor-
able, namely northern Europe, Japan, and Sydney and Melbourne in
Australia [23]. However, desalination employing low-impact energy
sources other than solar (for example wind or geothermal energy) or
brackish groundwater could be viable in these regions.
5. Discussion
5.1. Relationship of results to real-world observations
One patternmade clear by themap produced for this example is that
themost favorable natural conditions for solar-aided SWROare found in
regions where there is ostensibly plenty of fresh water: speciﬁcally,
those regions where large rivers or monsoon rains discharge to the
oceans (Fig. 2). Given that abundance of freshwater, it is nonobvious
that desalination might be useful as a water supply until social factors
are considered. High populations and extremewater stress demonstrate
that the available water is heavily used, suggesting that additional
supplies are needed.
The results presented here suggest that favorable solar resources
and high water stress coincide mainly in the tropics and subtropics,
where little desalination capacity has been deployed to date. Most ofthe world's desalination capacity is concentrated in regions like the
Middle East and the United States where freshwater is highly limited,
special needs (such as for industrial ultrapure water) exist, and there
is sufﬁcient wealth to support desalination [16]. Thus, it seems that
cost competitiveness and a region's ability to pay for desalination are
likely the largest historical factors in the decision to install desalination
capacity, an observation reinforced by high-proﬁle plans for conven-
tionally powered desalination facilities in relatively wealthy areas like
London and Southern California. Geophysically favorable conditions do
not seem to be major drivers of desalination installations at this point.
Notably, current water prices do not reﬂect the cost of the next avail-
able, or marginal, water supply, and so more regions might discover
that desalination could be cost competitive in the future.
Though historically solar resource availability does not seem to have
been a major decision criterion for siting desalination facilities, some
regions with existing desalination capacity also have favorable solar
resources that could be used at existing or future plants: notably the
Middle East, Persian Gulf, North Africa, and the Caribbean [16] (Fig. 2).
Dubai and Abu Dhabi in particular have both high water prices and
high quality solar resources. In fact, Abu Dhabi does have a solar desali-
nation plant [36], though waste heat is more typically used due to its
lower cost and higher energy density. Economics seem to have driven
site selection for existing desalination facilities, but environmental
concerns are also highly relevant [37] and could prove larger drivers
in the future.5.2. Effect of modeling approach on results
The results outlined for this example analysis are heavily and sys-
temically inﬂuenced by certain modeling choices, which is typical for
analytical work. In particular, the results are sensitive to the chosen spa-
tial resolution, aggregation technique, and objectives themselves.
16 E.A. Grubert et al. / Desalination 339 (2014) 10–17Thiswork focused on identifying global regions thatmight be partic-
ularly well suited to PV-augmented SWRO as a demonstration of a top-
down application of GIS-MCDA that is not constrained by
predetermined site choices. Thus, the resolution is fairly low, and it is
to be expected that incidental “excellent” sites exist outside the regions
identiﬁed here. A higher resolution investigation would have likely re-
sulted in identiﬁcation of more sites with more variation in the degree
towhich they satisfy stated objectives. That is, there are likely individual
sites within the “excellent” category that have solar insolation or eco-
nomically supporting factors that signiﬁcantly exceed the minimum
criteria investigated here. A study using higher resolution data to evalu-
ate particular sites where desalination plants could be built would also
need to consider additional, locally relevant criteria, like proximity to
existing infrastructure and hazards, land price, legal restrictions, and
possible future considerations resulting from planned developments
or climate change (see e.g. [21] for a high resolution example of a GIS-
MCDA study for power plant siting). However, it is hoped that this initial
low resolution effort is valuable in that it uses readily available global
data sets to give a simple, initial indication of where higher resolution
study is most useful.
Similarly, the choice to require that “excellent” sites meet all three
stated objectives (to use an “and” operator) is somewhat simplistic. Fur-
thermore, using a Boolean overlay with binary outcomes (condition is
met versus not met) tends to deemphasize variability that could be op-
erationally important. For example,meeting the objective of “feedwater
enabling lower energy intensity” might be less important in a region
with solar insolation and economic conditions far exceeding the mini-
mum criteria evaluated here. In fact, a region with moderate insolation
and typical seawater conditions but extremely high water prices and
water stress might actually be most suitable for PV-augmented SWRO
in the real world, but it would be not be classed as an excellent site be-
cause it does not meet all three objectives. The “anding” technique used
here means that all three objectives are considered equally important,
even if speciﬁc outcomes like total cost of water or total greenhouse
gas emissions are more sensitive to certain criteria. A study with a
more speciﬁc objective, such as “locations minimizing total energy
input required for PV-aided SWRO” would likely use something like a
weighted aggregation, where certain criteria are valued more highly
than others. Despite the limitations, the simple technique of using pro-
gressive Boolean ﬁlters is a fast and clear method of showing how
decision-making objectives inﬂuence what is considered suitable, as it
is necessarily a subjective process to determine what makes a location
“excellent.”
Finally, both the topic itself (on-site PV-augmented SWRO) and the
objectives (high insolation, feedwater conducive to low energy intensi-
ty, and social conditions promoting economic feasibility) are highly spe-
ciﬁc and somewhat arbitrary. The answer to the question “Where does
desalination make sense?” is extremely dependent on what society or
particular groups consider sensible, the type of desalination in question,
the energy systems involved, and other factors. For example, one obvi-
ous extension of this analysis is to evaluate where renewable-aided
SWRO might make sense if renewable power can be supplied via a
grid connection from a remote location.
6. Conclusions
Thiswork can aid policymakers by demonstrating a simple, custom-
izable tool for identifying favorable locations for desalination facilities
based on selected criteria. Here, themethodwasused to identify regions
where on-site solar photovoltaic-aided seawater reverse osmosismakes
sense: regions where natural conditions like ample sunshine and feed
water characteristics could reduce the energy-related impacts of desali-
nation,where societal conditions likewater stress,water price, and con-
centrated populations could make desalinated water economical, and
where these natural and societal conditions coincide. While this work
uses a global resolution to identify broad regions where desalinationcould make sense, decision-makers can use this technique for real, spe-
ciﬁc projects by adding much more detailed criteria [21] and by engag-
ing their communities to determinewhat criteria should be the basis for
optimization.
This work has demonstrated how an integrated GIS-MCDA frame-
work can enable decision-makers to simultaneously incorporate eco-
nomic, environmental, and other societally deﬁned criteria when
making desalination facility siting decisions. This example has also in-
troduced the idea that GIS analysis can be used to ﬁnd regions with
feedwaters that are especially suited to desalination.References
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